A quantitative analysis of the biological pump in the oligotrophic subtropical North Atlantic. by Dietze, Heiner
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The oligotrophic subtropical gyres of the oceans have been the focus of controversy regarding
the magnitude and even the direction of their biotic contribution to the air-sea flux of carbon
dioxide1-3. Measurements of primary production and respiration, local in space and on
timescales of hours, have yielded much lower biological carbon dioxide uptake (and even
implied net CO2 release) in the upper ocean, than estimates of export production from large-
scale and long-term integrals of respiration in subsurface water4,5.
In oceanic organic-matter budgeting, net production is commonly calculated from nitrate
consumption, or nitrate supply to surface water – a simplified adaption of the new production
concept6. To transform nitrogen units into carbon units, the Redfield ratio (moles
C:N=106:16)7 is widely used. Budgets of both elements composed in this way are not always
consistent, especially in the oligotrophic ocean. The term carbon overconsumption has been
coined for carbon uptake higher than the Redfield-ratio equivalent of consumed nitrate8,9.
Excess carbon fixation and export, e.g. as carbon-rich dissolved organic matter10,11, can cause
carbon overconsumption, so can the utilization of unaccounted-for nitrogen. Taking nitrate for
total new nitrogen excludes nitrogen sources such as dissolved organic nitrogen (DON), or N2
via nitrogen fixation. 
The mismatch between organic-matter production and nitrate supply is a general, and as yet
1
unexplained, problem in the subtropical North Atlantic Ocean12,13. It is epitomized in an area
known as the "beta triangle" (Fig 1) where it was first described. There, oxygen utilization
rates in subsurface water ascribed to the remineralization of organic matter exported from
surface water, imply that "surface fixation of carbon … is many times greater than deduced
from 14C assimilation techniques"4. Also nitrate supply into the surface falls short of the needs
of a corresponding production in this region. Oxygen utilization rates (OUR) imply a
production equivalent of 0.63 mol m-2a-1 nitrogen utilization4,5, but diffusive nitrate supply was
estimated at 0.05 mol m-2a-1 only14,15. This leaves an unexplained gap of almost 0.6 mol N m-
2a-1. We set out to investigate possible solutions to this enigma. On two cruises (Fig. 1),
organic matter, nutrient, and oxygen analyses as well as incubation experiments were
performed to study additional nitrogen sources for, or excess carbon from, production. 
Apparent oxygen utilization (AOU) along the 2002 Section is given in Fig 2a. Combining its
isopycnal gradients with gradients of water-mass age in the same area5 yields an OUR of
5.9±0.9 mol O2m-2a-1 (Tab. 1). This is under the assumption that the respective data sets reflect
similar physical states of the ocean, which appears reasonable in view of the similar outcome
(OUR was 5.7 in 5). Several modes of nitrogen input were considered to explain the estimated
OUR. First, diffusive nitrate supply to the surface may be underestimated by state-of-the-art
methods. Eddies thought to effectively inject nitrate into the surface16 contribute but 0.05 mol
m-2a-1(17). Accounting for double diffusion, vertical diffusive nitrate input was adjusted upward
by a factor of two to 0.1 mol m-2a-1(18) compared to previous estimates14. Vertical and
horizontal advection and horizontal diffusive fluxes result in a maximal additional net nitrate
input of 0.07 mol m-2a-1(18). Adding up all physical nitrate transports to the surface leaves a
nitrogen gap of >0.4±0.15 mol m-2a-1.
N2 uptake experiments using the tracer 15N2 yield ongoing rates of nitrogen fixation, which
was measurable in all experiments; in some cases rates were extremely high (Fig. 3a-c). Rates
as high as measured at three (of three, Fig. 3a) stations in April 2001 and at one (of four, Fig
3b and c) stations in March 2002 are unprecedented in the open ocean. Concomittant
measurements of primary production by the 14C technique yielded low rates in all cases (Fig.
2a-c). Where nitrogen fixation was high the ratio of C and N incorporation was therefore
unusually low (Tab. 2). 
The natural abundance of 15N in particulate organic matter can be used to estimate the
proportions of N2 and NO3 as nitrogen sources, since both have distinctly different 15N
contents. Taking the δ15N as -2 for the nitrogen from nitrogen fixation and of 4.5 for that from
nitrate uptake19 an average 50% share of fixation-derived nitrogen in organic particles is
obtained (Fig. 3d), it diminishes with depth where nitrate utilization gains importance. The
small-sized fraction isolated using a 5µm pre-filter contained systematically higher shares of
fixation-derived N than the bulk (Fig 3e). While until recently nitrogen fixation in the open
ocean has been ascribed exclusively to large species of the genus Trichodesmium20, there is
nitrogen-fixing potential also in oceanic pico-cyanobacteria21. The pronounced 15N depletion
of small particles suggests them to be important in the study area. Visible Trichodesmium
colonies were only occasionally encountered during our cruises and were absent at the stations
of high nitrogen fixation.
Particulate organic matter in surface water had a N:P ratio far greater than the Redfield N:P
ratio of 16 (Fig. 3f), indicative of the presence of N2 fixing organisms, which have been
2
reported to be high in N:P22. Also this proxy of nitrogen fixation decreases with depth. Excess
subsurface nitrate from the export and breakdown of organic matter high in N:P can be used
to quantify the effect of nitrogen fixation23. We define excess nitrate as 
NO3(excess) = NO3+NO2-16*PO4 (1)
(i.e. include NO2, but neglect ammonium which was unimportant). It is implicitly assumed
that interannual variation in preformed inorganic N:P ratios is negligible and, in the well-
oxygenated water in question there is no denitrification which would decrement (1). A plot of
fixation-derived nitrogen calculated in this way is given in Fig 2b. A region of NO3(excess) is
observed in the oligotrophic centre of the studied transect between 150 and 400m. The rate of
excess-nitrate buildup (analogous to the OUR estimate) representing the long-term rate of
nitrogen fixation, is 0.19±0.06 mol N m-2 a-1, or 0.52 mmol m-2d-1 (Tab. 1). In a similar
approach using basin-wide excess nitrate combined with CFC water age the eastern part of the
subtropical gyre (i.e. our study area) turned out a prominent source of fixed nitrogen for the
North Atlantic24.
Total organic nitrogen (TON) contributed to excess nitrate. Surface TON concentration
dropped from 7.7 to 6.4 mmolm-3 between 31.5° and 22.9°N. With a mean surface current of
4.8 cms-1 heading south, this would correspond to a TON consumption along the transect of
0.08 molm-2a-1 in the Ekman layer (ca. 40m) if the TON gradient were permanent. This,
however, is unlikely. TON during summer was as low as 6.5 mmolm-3  at 33°;N°22W11.
Surface TOP (total organic phosphorus) was constant over the same distance at 0.15, to rise to
0.33 mmolm-3 only further south. Dissolved organic matter thus contributed an excess of N
over P. Whether the excess TON is itself derived from nitrogen fixation, and for how long its
gradient exists, is not known. Its effect is included in the excess nitrate analysis.
Apart from extra nitrogen supply, also excess carbon export by subduction of TOC (total
organic carbon) 25 contributes to close the apparent C-N imbalance. Fig. 2c gives TOC
concentrations. Analyzing the isopycnal loss of TOC in the same way as the OUR and NO3
(excess) gain, yields a rate of TOC breakdown of 2.9 mol m-2a-1 (Tab. 1). It dominates in the
density range of σ0=26.2 and 26.35, i.e. down to 200m only, and is insignificant below (Fig. 2c
and Tab. 1). The TOC thus exported is associated with organic nitrogen (TON). The C:N ratio
of this export is the quotient of the TOC and TON concentration differences between source
and sink locations, which was 15 between 31.5 and 22.9°N. It is with this C:N ratio that total
organic matter export and decomposition contributes to the buildup of remineralizatuion
products, a reflection of the participitation of N-poor dissolved organic matter10,11. This C:N
ratio corresponds to a C:O2 ratio of -1.1rather than the Redfield ratio of -1.3. Total organic
matter export by subduction explains slightly more than half the oxygen consumption along
the 2002 (-3.2 molm-2 O2.)
Summarizing (all numbers in this paragraph are mol m-2a-1 of the respective element): A
variety of processes contribute to the solution of the apparent C-N imbalance in the
subtropical North Atlantic. Two processes dominate: The subduction and breakdown of C rich
dissolved organic matter accounts for more than half the subsurface oxygen consumption
(-3.2 of -5.9 O2). Nitrogen fixation (including surface DON loss of 0.08 N), estimated from
excess nitrate, supplies about half the new nitrogen (0.19 N). The other half (<0.22 N) is from
nitrate inputs by eddy (0.05 N) and double-diffusion enhanced (0.1 N) nitrate supply to the
3
euphotic zone and net nitrate advection (<0.07 N). Nitrogen fixation determined
experimentally during two springtime cruises are in the range of the long-term estimate and
far above. Adding up all considered contributions, after converting total nitrogen inputs
(<0.41N) and oxygen consumption not attributible to TOC breakdown (-2.7 O2) into carbon
using the Redfield ratio, the balance is <0.6 C. The gap which we set out to explain is
"overexplained" by ca. 15%. Given the errors associated with each estimate this is tolerable.
The surplus is likely to be due to export to depths greater than 405m. 
The high proportion of nitrogen fixation vs. primary production at the 2001 Stations can be
explained by characteristics of the methods employed, which measure incorporation into the
particulate phase. If, however, the bulk of fixed C and N were exudated, a large DOC pool
would dilute 14C more than a small DON pool would dilute 15N. Uptake from the dissolved
organic pool would consequently shift the 14C:15N ratio to low values. With bacteria as DOM
utilizers, this would affect especially the small size fractions, in agreement with observations.
High DON exudation rates of N2 fixing cyanobacteria26, and DON consumption, but high
DOC surface accumulation in the study area (Fig. 2c) support this explanation. The magnitude
of nitrogen fixation in the oligotrophic ocean thus appears to be intimately linked with the
dynamics of dissolved organic matter. Both dominate C and N cycling at our study site. What
controls either remains among the major open questions of contemporary ocean
biogeochemistry. Any attempt to understand or even predict the biota's contribution to the air
sea exchange of CO2 in the subtropical ocean will be futile without this knowledge. 
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 Nutrients were measured by standard protocols27 using an autoanalyzer, particulate
C and N by C/N analyser (Heraeus), particulate P and total dissolved P photometrically after
persulfate digestion27, TOC and TON by high-temperature oxidation28, oxygen by Winkler
titration27 with optical endpoint determination (WOCE standard; SIS instruments). 15N2
incubations and calculations related to 15N natural abundance were according to 29. The
suspicion that the Nitrogen fixation rates are artifacts due to 15NH4+ uptake from ammonia-
contaminated 15N2 gas used in the experiments (Abell pers.comm.) could be dismissed (but
gross NH3 contamination was found in a 15N2-bottle not used). δ15N measurements were
performed using an automated continuous-flow analyzer system (Thermo Finnigan Delta plus
connected to a Thermo CN 2500 CHN-Analyzer). Primary production was determined by the
14C method2.
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FIGURE CAPTIONS
Fig. 1: Cruise tracks and station map. The triangle is the ß-triangle of4,5. 
Fig 2: Latitudinal sections of properties along 30°W. a: Apparent oxygen utilization (AOU,
mmol O2 m-3), b: Excess nitrate (NO3(excess), mmol N m-3), c: total organic carbon (TOC, mmol
C m-3).
Fig 3: a -c: measured rates of N2 and CO2 incorporation into particles (nitrogen fixation and
primary production) in April 2001 (a) and March 2002 (b,c; note different scales for nitrogen
fixation!), d,e: estimated shares of fixation-derived particulate organic nitrogen (PON) for (d)
all samples of 2001 Transect, and (e) all samples from incubation stations in 2002, PON (.)
and in size fraction <5µm (large symbols); f: N:P ratios in particulate organic matter, includes
all samples of 2002 Transect.
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